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Abstract: The fluid transmission medium has large 
compressibility and low rigidity, and its physical properties 
are extremely sensitive to state parameters such as flow, 
pressure and temperature. Therefore, compared with the 
mechanical transmission system, the natural frequency of 
the fluid transmission system is relatively low and has time-
varying characteristics. After a wide frequency range 
changing of the load frequency and long-term operation, the 
excitation frequency of the fluid transmission system is 
more likely to approach its natural frequency and causes 
resonance, which seriously affects the normal operation of 
the system. Therefore, taking the hydraulic opposing 
cylinder controlled by servo valve as the research object, 
based on the analytical relationship between the dynamic 
bulk modulus and the equivalent stiffness of oil, the 
vibration dynamics models and equations of the system is 
established by using the lumped parameter method. 
Through the free vibration analysis, the natural frequencies 
and main vibration modes of the system are determined and 
the sensitivity changes of the natural frequencies to the 
design parameters are revealed. The maximum error 
between the theoretical modal frequency and the 
experimental one is 3.77%, which verifies the correctness of 
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the dynamic model of the system. This research can provide 
a theoretical reference for the optimization of the dynamic 
performance of the hydraulic transmission system. 
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1  Introduction 

 

The system of hydraulic opposing cylinder controlled by 
servo valve is a typical electro-hydraulic simulator. It has 
been widely used in aviation, aerospace, navigation and 
construction machinery and other fields with many 
advantages such as large power-to-weight ratio, wide 
frequency bandwidth, good stability and high reliability [1-
4]. At present, there are two main factors restricting the 
further improvement of the dynamic performance of the 
electro-hydraulic simulator: (1) The working medium has 
large compressibility, small bulk modulus, low stiffness, and 
obvious mechanical nonlinear characteristics; (2) The 
change of state parameters such as flow and pressure of the 
fluid causes the movement and deformation of the load 
cylinder. Similarly, the movement and deformation of the 
load cylinder cause the fluid state parameters to change 
continuously. Thus, these two factors have mutual influence 
and mutual restriction, which causes the system has 
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mechanical-hydraulic coupling characteristics [5-7]. Low 
stiffness and mechanical-hydraulic coupling characteristics 
may cause the electro-hydraulic simulation hydraulic 
system to have large response deviations, system delay, 
working dead zone and nonlinear vibration, especially under 
wide frequency range changing of the load frequency and 
long-term operation. The excitation frequency of the system 
may be too close to its natural frequency to cause resonance, 
which will seriously affect the normal operation of the 
system [8-10]. Therefore, the free vibration analysis of 
hydraulic opposing cylinder controlled by servo valve is of 
great significance to improve the dynamic control accuracy 
and working stability. 

Modal is the inherent property of mechanical system. 
Modal analysis is an analysis method based on vibration 
theory, which aims at modal parameter identification. 
Through modal analysis, the natural frequencies and 
corresponding modal modes of the system can be 
determined, in order to provide theoretical basis for the 
structural performance analysis, strain prediction and 
optimal design of the system [11-14]. Modal analysis 
methods are mainly divided into numerical simulation 
methods [15-17], experimental modal analysis methods [18-
19] and working modal analysis methods [20-23]. In the 
modal analysis of fluid, the coupling effect between the 
vibration of mechanical structures such as the internal pipe 
wall and the pressure pulsation makes the modal analysis of 
the fluid transmission system more complicated [24-25]. 
When establishing the dynamics model of a system with 
mechanical-hydraulic coupling characteristics and discrete 
continuous coupling characteristics, methods such as 
discretizing the continuum and equating the hydraulic 
actuation system as a linear spring can be used to reduce the 
difficulty of solving the coupled system dynamics problem 
[26-27]. 

In order to provide a theoretical basis for the dynamic 
optimization design of the system and improve efficiency, 
sensitivity analysis can be used to evaluate the degree of 
influence of each design parameter on the response of the 
system, which is an important index to measure the 
importance of each design parameter [28-30]. Sensitivity 
analysis has been widely used in power systems, hydraulic 
systems, mechanical design and other fields. Sensitivity 
analysis includes local sensitivity analysis and global 
sensitivity analysis [31]. There are many sensitivity analysis 
methods, such as trajectory sensitivity analysis (TSA), 
output sensitivity analysis, matrix sensitivity analysis, 
comparative sensitivity analysis and characteristic root 
sensitivity analysis [32-33]. When the relationship between 
input and output is complicated, the application of Kriging 

model, Monte Carlo method and orthogonal experiment 
method can determine the implicit function relationship 
between input and output and improve calculation accuracy 
[34]. 

The modal characteristics directly affect the performance 
of the fluid transmission system, but the free vibration 
analysis of the hydraulic opposing cylinder controlled by 
servo valve has not been carried out yet. Therefore, based 
on the consideration of the equivalent stiffness of oil and the 
mechanical-hydraulic coupling characteristics [33-34], this 
paper establishes the free vibration dynamics model and 
equations of the hydraulic opposing cylinder controlled by 
servo valve to determine the system modal characteristic 
and uses the finite difference method to analyze the 
influence law of the main parameters of the system on the 
natural frequency and the sensitivity change law of the 
natural frequency on each main parameter, whose 
correctness is verified by modal experiments. 

 

2  System dynamics model and equation 

 

The composition of the hydraulic opposing cylinder 
controlled by servo valve is shown in Figure 1. The left 
cylinder is a loading hydraulic cylinder with displacement 
sensors and force sensors while the right cylinder is a 
steering gear hydraulic cylinder with displacement sensors. 
When working, the two sets of hydraulic cylinders clamp 
the test piece and move according to their own control laws. 
The electro-hydraulic simulator adopts a dynamic loading 
method which means the loading hydraulic cylinder is force 
closed-loop control, and the steering gear hydraulic cylinder 
is position closed-loop control. The loading cylinder apply 
load to the steering gear cylinder, and the steering gear 
cylinder which moves according to the set law. 
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1. Oil tank 2 Overflow valve 3 Filter 4 Plunger pump 5 Motor 6 

Fine filter 7 Ball valve 8 Liquid temperature gauge 9 

Electro-hydraulic servo valve 10 Pressure sensor 11 

Displacement sensor 12 Hydraulic cylinder 13 Force 

sensor 

Figure 1  The hydraulic system chart of opposing hydraulic 
cylinder controlled by servo valve 

 

During the working process of this system, due to the 
pressure pulsation of the pump source, the oil output by the 
system has harmonic pulsation and the working positions of 
the hydraulic components such as the hydraulic valve core 
rod and the piston rod of the hydraulic cylinder constantly 
changing, resulting in the pressure of hydraulic oil at any 
position will dynamically change with the adjustment of the 
chamber and the flow area. Meanwhile, the changing 
condition of oil will act on different positions of the 
component in the form of load or internal excitation and 
affect the position and speed of the component. Therefore, 
the movement or deformation of the hydraulic components 
will affect the motion state of oil and changes in the state 
parameters such as flow and pressure will also cause the 
hydraulic components to move or deform. 

The interaction between the units in the hydraulic system 
chart of opposing hydraulic cylinder controlled by servo 
valve is shown in Figure 2. It can be seen that there is an 
interaction between the two chambers of the loading 
cylinder and the steering gear cylinder and the piston, which 

makes the system have mechanical-hydraulic coupling 
dynamics and its dynamic analysis more complex. 
 

 

Figure 2  The interaction between the units in the system of 
opposing hydraulic cylinder controlled by servo valve 

 

In order to simplify the difficulties encountered in 
modeling and calculation, the following assumptions are 
given: 

(1) The model is established by using the lumped 
parameter method. It is considered that the density, stiffness, 
pressure and other attribute parameters of each fluid unit in 
the system are uniformly distributed in the control volume 
and equal everywhere; 

(2) The hydraulic cylinder shell is regarded as a rigid 
body and its elastic deformation is ignored; 

(3) The force acting on the oil and the piston is the axial 
force, and only the axial vibration of the system is 
considered; 

(4) The processing and assembly errors of the 
components of the system are ignored. 

The free vibration dynamic model of the system of 
opposing hydraulic cylinder controlled by servo valve is 
shown in Figure 3. In the figure, 1m  is the equivalent mass 
of the moving part of the loading cylinder, including the 
mass of oil in the loading cylinder chambers, piston mass, 
piston rod mass and force sensor mass. 2m   is the load 
mass. 3m  is the equivalent mass of the steering gear 
cylinder moving part, including the mass of oil in the 
steering gear hydraulic cylinder chambers, the piston mass 
and the piston rod mass. f 1k   and f2k   are the equivalent 
stiffness of the rodless chamber and the rod chamber of the 
loading cylinder. f3k  and f4k  are the equivalent stiffness 
of the rod chamber and the rodless chamber of the steering 
gear cylinder. 1k   and 2k   are the connection stiffness 
between the cylinder piston rod and the load and they are 
equal. 1x  , 2x  , 3x   are the axial displacements of the 
loading cylinder, the load and the steering gear cylinder. 
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Figure 3  The free vibration dynamic model of the system of 
opposing hydraulic cylinder controlled by servo valve 

 

Based on the free vibration dynamics model of the system, 
the system dynamics equation can be established as 

 

Mx + Kx = 0&&                    (1) 
 

The quality matrix of the system is 
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M                (2) 

 

The stiffness matrix is 
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K   (3)
 

 

In order to solve the free vibration response of the system, 
the dynamic equivalent stiffness of oil needs to be calculated. 
During the working process of the system, the way of oil 
compression is similar to that of spring, so the dynamic 
equivalent stiffness of oil can be expressed by the following 
formula, where i=1, 2, 3, 4. 

 

fi

i

F
k

L


 

               (4) 

Where fik  is the dynamic equivalent stiffness of oil in each 
chamber (Nm), F  is the variation of the exogenic force 
acting on the system (N), iL  is the variation of the axial 
length of oil in each chamber (m). 

The oil volume of each chamber is 

 

Ai j iV S L               (5) 

Where i
V  is the volume of oil in each chamber(m3), Aj

S  
is the cross-sectional area of oil in each chamber(m2), A1S  
is the cross-sectional area of oil in the rodless chamber, A2S  
is the cross-sectional area of oil in the rod chamber, i

L  is 
the axial length of oil in each chamber. 

According to the theory of bulk modulus, assuming that 
E   is bulk modulus of oil, then its definition can be 
expression as 

 

d

d

p
E V

V
               (6) 

Where p  is the pressure of oil (MPa). 
Simultaneous Eq. (4), Eq. (5) and Eq. (6), the dynamic 

equivalent stiffness of oil is  

 

f A

f

i j

i

i

E S
k

L
             (7) 

Where fiE   is the dynamic bulk modulus of oil in each 
chamber (MPa). 

In the actual working condition, the pressure pulsation of 
the pump source is inevitable. The pressure pulsation of oil 
in each chamber will cause the density of oil to fluctuate, 
resulting in the fluctuation of the dynamic bulk modulus of 
oil, and ultimately affect the dynamic equivalence stiffness 
of oil. Therefore, assuming that the pulsating pressure 
changes according to the law of cosine, and is divided into 
steady part and dynamic part, the pressure pulsation of oil 
can be written as follows 

 

 0 0cos 2i i ip p p f t         (8) 

Where 0ip   is the stable value of the pressure in each 
chamber(MPa), ip  is the impulse value of the pressure in 
each chamber(MPa), 0f   is the pulsation frequency of 
pressure(Hz). 
 

3  System modal analysis 
 

The design parameters of the modal analysis of the opposing 
hydraulic cylinder controlled by servo valve are shown in 
Table 1. 
 

Table 1 Design parameters of the system 

Parameter name 
Parameter 
symbol 

Parameter 
Unit 

Parameter 
value 

Stable value of rodless chamber 
pressure of the loading cylinder 10p  MPa 1.09 

Impluse value of rodless chamber 
pressure of the loading cylinder 1p  MPa 0.04 

Stable value of rod chamber 
pressure of the loading cylinder 20p  MPa 1.657 

Impluse value of rod chamber 
pressure of the loading cylinder 2p  MPa 0.032 

Stable value of rod chamber 
pressure of the steering gear cylinder 30p  MPa 1.059 

Impluse value of rod chamber 
pressure of the steering gear cylinder 3p  MPa 0.054 

Stable value of rodless chamber 40p  MPa 1.605 
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pressure of the steering gear cylinder 
Impluse value of rodless chamber 
pressure of the steering gear cylinder 4p  MPa 0.022 

Stable value of dynamic stiffness of 
oil in the rodless chamber of the 
loading cylinder 

f1k  N/m 1.471×107 

Stable value of dynamic stiffness of 
oil in the rod chamber of the loading 
cylinder 

f2k  N/m 2.006×107 

Stable value of dynamic stiffness of 
oil in the rod chamber of the steering 
gear cylinder 

f 3k  N/m 1.64×107 

Stable value of dynamic stiffness of 
oil in the rodless chamber of the 
steering gear cylinder 

f4k  N/m 1.66×107 

Temperature T ℃ 44.3 

 

Based on the design parameters in Table 1, the dynamic 
natural frequencies of each order of the system of opposing 
hydraulic cylinder controlled by servo valve within 5 
seconds are obtained, as shown in Figure 4. 
 

 

(a) First-order dynamic natural frequency 

 

(b) Second-order dynamic natural frequency 

 

(c) Third-order dynamic natural frequency. 

Figure 4  Variation with time of each order natural frequency of 
opposing hydraulic cylinder system controlled by servo valve 

 

It can be seen from Figure 4 that within the calculation 
time, the dynamic natural frequency of each order of the 
system is relatively stable and only small fluctuations occur. 
Among them, the average value of the first-order dynamic 
natural frequency fluctuation is 82.49Hz, the ones of the 
second and third-order are 258.5Hz and 421.6Hz. From the 
perspective of the degree of fluctuation, the first-order 
dynamic natural frequency has the smallest fluctuation and 
the third-order one has the largest one. 

Table 2 and Table 3 respectively show the natural 
frequencies and main vibration modes of the system at 
different times. 

 

Table 2 Dynamic natural frequencies of each order and its main 
vibration mode at 1.25s 

Order number First-order Second-order Third-order 

Natural frequency 
if /Hz 

82.49 258.51 421.70 

Main vibration 
mode of each order 

iΦ  

0.0038 1 4.1323×10-5 

1 -0.0569 -0.02 

0.0038 -3.3024×10-4 1 

 

Table 3 Dynamic natural frequencies of each order and its main 
vibration mode at 5s 

Order number First-order Second-order Third-order 

Natural frequency 
if /Hz 

82.49 261.99 421.32 

Main vibration 
mode of each order 

iΦ  

0.0037 1 3.9157×10-5 

1 -0.0552 -0.0194 
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0.0037 -3.1224×10-4 1 

 

It can be seen from Table 2 and Table 3 that in the 
calculation time, the dynamic natural frequencies of each 
order of the system of opposing hydraulic cylinder 
controlled by servo valve and its main vibration mode are 
relatively stable with small changes. From the perspective 
of the main vibration, it can be seen that whether the system 
vibration frequency is the first, second or third-order natural 
frequencies, the order of the largest vibration displacement 
is all load, loading cylinder and steering gear cylinder. When 
the system vibration frequency is the second-order natural 
frequency, the displacement of the load and the steering gear 
cylinder are very small and the loading cylinder has the 
maximum displacement. When the system's vibration 
frequency is the third-order natural frequency, its vibration 
law is similar to that at the second-order natural frequency. 
When the vibration frequency of the system is the first-order 
natural frequency, the load displacement reaches the 
maximum, the displacement of the loading cylinder and the 
steering gear cylinder are equal with small value, showing a 
"symmetrical" phenomenon, which conforms to the 
structural characteristics of the system of opposing 
hydraulic cylinder controlled by servo valve. Under normal 
circumstances, the external excitation frequency is most 
likely to be close to the first-order natural frequency of the 
system, which means the load is most likely to vibrate. For 
the electro-hydraulic simulator, when the load vibrates 
severely, the tracking accuracy of the system will decrease 
and have an impact on the control performance of the 
system. 

 

4  Sensitivity analysis of system natural 
frequency 
 

The load mass, the equivalent mass of the movement part of 
the loading cylinder, the equivalent mass of the movement 
part of the steering gear cylinder, the connection stiffness 
and the equivalent stiffness of oil are the main factors which 
affect the natural frequency of the system of opposing 
hydraulic cylinder controlled by servo valve. In order to 
analyze the influence of these factors on the natural 
frequency of the system, in this section, based on the control 
variable method, the sensitivity of the natural frequency of 
the system to the above factors is discussed. 
 

4.1  Sensitivity analysis of system natural frequency to 
load frequency 

When the load mass varies from 0.7kg to1.1kg and the rest 
of the system parameters remain unchanged, the changes in 

the natural frequencies of each order of the system and their 
sensitivity to the load mass are shown in Figure 5. Among 
them, S1, S2, S3 are the first, second and third-order dynamic 
natural frequency sensitivity. 
 

 

(a) First-order dynamic natural frequency 

 

(b) First-order dynamic natural frequency sensitivity 

 

(c) Second-order dynamic natural frequency 
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(d) Second-order dynamic natural frequency sensitivity 

 

(e) Third-order dynamic natural frequency 

 

(f) Third-order dynamic natural frequency sensitivity 

Figure 5  The natural frequency of each order of the system and 
its sensitivity to load mass 

 

Figure 5 (a) and (b) shows that at the same time, as the 
load mass increases, the first-order dynamic natural 
frequency of the system decreases significantly and the 
sensitivity of the first-order dynamic natural frequency to 
the load quality is negative value. In addition, the first-order 
dynamic natural frequency sensitivity S1 gradually 
decreases as the load mass increases, which is reflected in 
the figure (a) that when the load mass gradually increases, 
the rate of decrease of the first-order dynamic natural 
frequency slows down. 

Figure 5 (c) to (f) are the second and third-order dynamic 
natural frequencies of the system and their sensitivity 

changes to the load quality. The change law is basically the 
same as that of the first-order dynamic natural frequency. 
The difference is that from numerical aspect, both the 
second and third-order dynamic natural frequencies and 
their sensitivity have small changes. Therefore, by 
comparing the sensitivity curves in Figure 5, it can be seen 
that the first-order dynamic natural frequency is the most 
sensitive to changes in load quality while the second and 
third-order dynamic natural frequencies are less sensitive. 

 

4.2  Sensitivity analysis of system natural frequency to 
equivalent mass of the moving part of the loading 
cylinder 

When the load mass varies from 12kg to15kg and the rest of 
the system parameters remain unchanged, the changes in the 
natural frequencies of each order of the system and their 
sensitivity changes to the equivalent mass of the moving 
part of the loading cylinder are shown in Figure 6. 
 

 

(a) First-order dynamic natural frequency 

 

(b) First-order dynamic natural frequency sensitivity 
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(c) Second-order dynamic natural frequency 

 
(d) Second-order dynamic natural frequency sensitivity 

 

(e) Third-order dynamic natural frequency 

 

(f) Third-order dynamic natural frequency sensitivity 

Figure 6  The natural frequency of each order of the system and 
its sensitivity to equivalent mass of the moving part of the loading 
cylinder 

 

It can be seen from Figure 6 (a) and (b) that at the same 
time, as the equivalent mass m1 of the moving part of the 
loading cylinder increases, the first-order dynamic natural 
frequency of the system decreases slightly and the 
decreasing rate has a tendency to accelerate. The sensitivity 
S1 is negative in value and its absolute value gradually 
increases with the increase of m1. In Figure 6 (c) to (f), the 
second and third-order dynamic natural frequencies and 
their sensitivity changes are similar. The difference is that 
the second-order dynamic natural frequency decreases more 
with the increase of m1 and its sensitivity S2 has a significant 
increase. By comparing the sensitivity curves in Figure 6, it 
can be seen that the second-order dynamic natural frequency 
is the most sensitive to the change of the equivalent mass of 
the moving part of the loading cylinder while the third-order 
dynamic natural frequency is the least sensitive. 

 

4.3  Sensitivity analysis of system natural frequency to 
equivalent mass of the moving part of the steering gear 
cylinder 

When the equivalent mass of the motion part of the steering 
gear cylinder varies from 4kg to 6kg and the rest of the 
system parameters of the remain unchanged, the natural 
frequencies of each order of the system and the sensitivity 
changes to the equivalent mass of the motion part of the 
steering gear cylinder are shown in Figure 7. 
 

 

(a) First-order dynamic natural frequency 
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(b) First-order dynamic natural frequency sensitivity 

 

(c) Second-order dynamic natural frequency 

 
(d) Second-order dynamic natural frequency sensitivity 

 

(e) Third-order dynamic natural frequency 

 

(f) Third-order dynamic natural frequency sensitivity 

Figure 7  The natural frequency of each order of the system and 
its sensitivity to the equivalent mass of the moving part of the 
steering gear cylinder 

 

It can be seen from Figure 7 (a) to (d) that the first and 
second order dynamic natural frequencies and their 
sensitivity changes are similar. At the same time, as the 
equivalent mass m3 of the steering gear cylinder increases, 
the dynamics natural frequency of the system decreases 
slightly, and the decreasing rate has a tendency to accelerate. 
The sensitivity is all negative in value and its absolute value 
gradually increases with the increase of m3. In Figure 7 (e) 
and (f), the third-order dynamic natural frequency decreases 
greatly with the increase of m3 and its sensitivity S3 also has 
a significant increase. By comparing the sensitivity curves 
in Figure 7, it can be seen that when the equivalent mass of 
the movement part of the steering gear increases, the third 
order dynamic natural frequency changes greatly, so we can 
draw a conclusion that the third order dynamic natural 
frequency is the most sensitive to the equivalent mass 
change of the steering gear cylinder movement while the 
second-order dynamic natural frequency is the least 
sensitive. 

 

4.4  Sensitivity analysis of system natural frequency to 
connection stiffness of the loading cylinder 

When the connection stiffness of the loading cylinder varies 
from 1.1×105N/m to 1.3×105N/m and the rest of the system 
parameters of the remain unchanged, the natural frequencies 
of each order of the system and the sensitivity changes to 
the connection stiffness of the loading cylinder are shown in 
Figure 8. 
 

 

(a) First-order dynamic natural frequency 
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(b) First-order dynamic natural frequency sensitivity 

 

(c) Second-order dynamic natural frequency 

 
(d) Second-order dynamic natural frequency sensitivity 

 

(e) Third-order dynamic natural frequency 

 

(f) Third-order dynamic natural frequency sensitivity 

Figure 8  The natural frequency of each order of the system and 
its sensitivity to the connection stiffness of the loading cylinder 
 

It can be seen from Figure 8 (a) and (b) that at the same 
point in time, the first-order dynamic natural frequency 
increases with the increase of the connection stiffness of the 
loading cylinder and its sensitivity to the connection 
stiffness of the loading cylinder are all positive values. Since 
the sensitivity S1 decreases slightly with the increase of the 
connection stiffness of the loading cylinder, the increase rate 
of the first-order dynamic natural frequency tends to slow 
down. In Figure 8 (c) to (f), the second and third-order 
dynamic natural frequencies and their sensitivity changes 
are similar. The values of sensitivities S2 and S3 are so small 
to draw a conclusion that there are no significant changes of 
the second and third-order dynamic natural frequencies at 
the same time. Under the same stiffness, the second and 
third-order dynamic natural frequencies of the system 
exhibit a fluctuating state with time, which is consistent with 
the results in the modal analysis. By comparing the 
sensitivity curves in Figure 8, it can be seen that when the 
connection stiffness of the loading cylinder gradually 
increases, the first-order dynamic natural frequency has the 
most obvious changes, so we can draw a conclusion that the 
first-order dynamic natural frequency is the most sensitive 
to the change of the connection stiffness of the loading 
cylinder while the third-order dynamic natural frequency is 
the least sensitive. 
 

4.5  Sensitivity analysis of system natural frequency to 
connection stiffness of the loading cylinder 

4.5.1  The equivalent stiffness of oil in the steering gear 
cylinder oil remains stable  

In the working process of the system, the piston in the 
hydraulic cylinder is simultaneously acted by the pressure 
of the two chambers of oil and its principle is equivalent to 
a parallel spring system. The equivalent stiffness of oil is 
equal to parallel connection equivalent stiffness of oil in 
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both the loading cylinder chambers. When the equivalent 
stiffness of oil in loading cylinder oil varies from 
3.2×107N/m to 3.5×107N/m and the rest of the system 
parameters of the remain unchanged, the natural frequencies 
of each order of the system and the sensitivity changes to 
the equivalent stiffness of oil in loading cylinder are shown 
in Figure 9. 
 

 

(a) First-order dynamic natural frequency 

 

(b) First-order dynamic natural frequency sensitivity 

 

(c) Second-order dynamic natural frequency 

 
(d) Second-order dynamic natural frequency sensitivity 

 

(e) Third-order dynamic natural frequency 

 

(f) Third-order dynamic natural frequency sensitivity 

Figure 9  The natural frequencies of each order of the system and 
its sensitivity to the oil equivalent stiffness in the loading cylinder 
 

From Figure 9 (a) to (d), it can be seen that the first and 
second order dynamic natural frequencies of the system and 
their sensitivity changes are similar. At the same time, when 
the equivalent stiffness of the loading cylinder oil increases, 
the dynamic natural frequencies also increase in the rate 
with the tendency to slow down, which is reflected by the 
decrease of S1 and S2. In Figure 9 (e) and (f), since the value 
of the sensitivity S3 is very small, the third-order dynamic 
natural frequency of the system can be considered basically 
unchanged at the same time. By comparing the sensitivity 
curves in Figure 9, it can be seen that the second-order 
dynamic natural frequency is the most sensitive to changes 
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in the equivalent stiffness of oil in the loading cylinder while 
the third-order is the least sensitive. 

4.5.2  The equivalent stiffness of oil in the steering gear 
cylinder oil changes  

Utilizing the "symmetrical" characteristic of the system, the 
equivalent stiffness of the loading cylinder oil and the 
equivalent stiffness of the steering gear cylinder oil are 
equal, and both vary from 3.2×107N/m to 3.5×107N/m and 
he rest of the system parameters of the remain unchanged, 
the natural frequencies of each order of the system and the 
sensitivity changes to the equivalent stiffness of oil in 
loading cylinder are shown in Figure 10. 
 

 

(a) First-order dynamic natural frequency 

 

(b) First-order dynamic natural frequency sensitivity 

 

(c) Second-order dynamic natural frequency 

 
(d) Second-order dynamic natural frequency sensitivity 

 

(e) Third-order dynamic natural frequency 

 

(f) Third-order dynamic natural frequency sensitivity 

Figure 10  The natural frequencies of each order of the system 
and its sensitivity to the oil equivalent stiffness in the loading 
cylinder when the oil equivalent stiffness in the steering gear 
cylinder changes 

 

It can be seen from Figure 10 (a) and (b) that at the same 
time, when the equivalent stiffness of the loading cylinder 
oil increases, the first-order dynamic natural frequency of 
the system also increases which can be reflected that the 
value of S1 is positive. Besides, S1 decreases with the 
increase of kA, indicating that the growth rate of the first-
order dynamic natural frequency slows down. In Figure 10 
(c) to (f), the second and third-order dynamic natural 
frequencies of the system and the change law of its 
sensitivity to the equivalent stiffness of the loading cylinder 
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oil are similar to those of the first-order, with only numerical 
differences. By comparing the sensitivity curves of the 
natural frequencies in Figure 10, it can be seen that when the 
equivalent stiffness of the loading cylinder oil is equal to the 
equivalent stiffness of the steering gear cylinder, the third-
order dynamic natural frequency is the most sensitive to the 
equivalent stiffness of oil in loading cylinder while the first-
order dynamic natural frequency is the least sensitive. The 
schematic diagram of the modal experiment is shown in 
Figure 11. 
 

5  Test verification 

 

In order to verify the accuracy of the system's modal 
analysis, an experiment platform of the system of opposing 
hydraulic cylinder controlled by servo valve is built and the 
modal test of the system in the working process was carried 
out by using the hammering method. The force hammer 
strikes, exerts an exciting force whose signal enters the 
lower computer through the force sensor and voltage 
amplifier on the force hammer. The acceleration change of 
the system is collected by the acceleration sensor and input 
to the computer through the voltage amplifier and the lower 
computer. The experimental platform is shown in Figure 12, 
and the experimental parameters are consistent with those 
shown in Table 1. 
 

 
1 Motor pump 2 Oil tank 3 Liquid level gauge 4 Liquid 

temperature gauge 5 Overflow valve 6 Filter 7 Check valve 8 
Fine filter 9 Servo valve 10 Hydraulic cylinder 11 Acceleration 

sensor 12 Force hammer 13 Load 14 Lower computer 15 
Computer 

Figure 11  Schematic diagram of modal experiment 
 

 

 

Figure 12  Experiment platform of the system of opposing 
hydraulic cylinder controlled by servo valve 

 

According to the sampling theorem, in order to ensure the 
authenticity and accuracy of the signal, the sampling 
frequency should be 2 to 5 times the maximum value of the 
modal frequency contained in the signal. In the modal 
experiment, the sampling frequency is 4096 Hz. Therefore, 
the experiment can satisfy all the results of the modal 
frequency below 819.2 Hz. According to the theoretical 
modal analysis, the maximum frequency of the system is 
less than 819.2 Hz so the sampling frequency meets the 
experimental requirements. 

The excitation force signal and acceleration response 
signal measured in the experiment are shown in Figure 13. 
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(b) Acceleration response signal 

Figure 13  Excitation and acceleration response signal of the 
system 

 

Based on the fast Fourier change algorithm, the 
acceleration response time-domain signal is analyzed in the 
frequency domain, and the power spectrum density of the 
system response is obtained as shown in Figure 14. 
 

 

Figure 14  The power spectral density of the system response 

 

It can be seen in Figure 14 that the power spectral density 
curves have peaks at 82.49 Hz, 258.5 Hz and 421.6 Hz 
respectively. Compare them with the theoretical values, the 
error between them is shown in Table 4. It can be seen that 
the maximum error between the theoretical value and the 
experimental value is 3.77%, and the theoretical value is 
relatively close to the experimental value, which can verify 
the correctness of the theoretical analysis. 
 

Table 4 Comparison of theoretical and experimental values of 
system natural frequency 

Experimental result 
Theoretical 
value/Hz 

Experimental 
value/Hz 

error/% 

First-order natural frequency 82.49 81.87 0.76 

Second-order natural frequency 258.5 251.6 2.74 

Third-order natural frequency 421.6 406.3 3.77 

 

The error between the theoretical value and the 
experimental value may be caused by the following reasons: 
(1) the deviation in the estimated value of the parameters of 
the system, such as stiffness, quality; (2) the positive effect 
of the ignoring nonlinear characteristics of the system on the 
modal; (3) the nonstandard operation and the error of the 
sensor. 
 

6  Conclusions 

 

(1) Considering the equivalent stiffness and mechanical-
hydraulic coupling characteristics of the opposing 

hydraulic cylinder controlled by servo valve, based on 

the relationship between the dynamic bulk modulus of 

oil and the dynamic equivalent stiffness of oil in each 

chamber, the free vibration dynamic model and 

equations of the system is established by using the 

lumped parameter method. The modal analysis of the 

system has been completed and the natural frequencies 

and main vibration modes of the system have been 

determined. 

(2) The sensitivity analysis of the system is carried out. 
Within the variation range of the design parameters, the 
parameters that affect the first-order natural frequency 
of the system from strong to weak are the load mass, the 
equivalent mass of the moving part of the steering gear 
cylinder, the equivalent mass of the moving part of the 
loading cylinder, the connection stiffness and the 
equivalent stiffness of oil. The parameters that affect the 
second-order natural frequency of the system from 
strong to weak are the equivalent mass of the moving 
part of the loading cylinder, the load mass, the 
connection stiffness, the equivalent stiffness of oil, and 
the equivalent mass of the movement part of the 
steering gear cylinder. The parameters that affect the 
third-order natural frequency of the system from strong 
to weak are the equivalent mass of the movement part 
of the steering gear cylinder, the load mass, the 
equivalent mass of the movement part of the loading 
cylinder, the connection stiffness and the equivalent 
stiffness of oil. 

(3) The dynamic experiment platform of the opposing 
hydraulic cylinder controlled by servo valve is built and 
the modal experiment is carried out. The theoretical 
modal frequency is close to the experimental modal 
frequency, and the maximum error is 3.77%, which 
verifies the correctness of the dynamic theoretical 
model of the system. 
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